Abstract. The paper presents numerical simulations of the behavior of sandwich panels loaded by static concentrated force. Two model classes (2D and 3D) are considered, and the results are compared with the effective width method. The comparison mainly concerns the displacements and stresses in the facings. The obtained results indicate the areas of conformity between the models but also show significant differences between them. The observed local effects are discussed and the surprising location of extreme stress in the facings is demonstrated.
Introduction
The subject of the paper are sandwich panels used in civil engineering. These are typical wall or roof panels consisting of two thin steel facings and a thick but flexible core. Such structures have excellent thermal insulation and a very good load-to-weight ratio. Not surprisingly, the sandwich panels are commonly used.
In recent times, more and more attention is paid to the issue of the influence of the concentrated loads on the structural behavior of sandwich panels. The interest in this problem is related to the excitations from equipment or installations that are encountered in engineering practice. Solar collectors, photovoltaic panels, work platforms and advertising panels are more often mounted directly to the sandwich panels. Therefore, there is a need to determine forces, stresses and displacements from these actions. At first glance, the issue may seem simple, but the complexity of the sandwich structure and the variety of boundary conditions make the problem interesting from a scientific point of view. It is worth noting that to date, the most common approach to the problem of analysis of layered panels subjected to concentrated loads was the execution of full-scale experimental tests. The examination of the composite sandwich panels made of glass fibre reinforced polymer facings and a modified phenolic core was presented in [1] . The experiments carried out on foam core sandwich beams with carbon/epoxy facings were discussed in [2] . The results of classical sandwich panel testing used in civil engineering were presented in [3] .
One of the features of layered structures is the variety of mechanisms of failure [4] . In the case of concentrated forces, local effects resulting from high core susceptibility are important (bending and indentation). These phenomena were investigated in [5, 6] . Similar phenomena occur at the supports, although due to the much larger area of the support, they are not so intense [7] . To better understand the behavior of layered structures and the cause of failure initiation, numerical analyses are performed. The analyses of the GFRP sandwich floor under point load were presented in [8] . The solutions obtained using the finite element method (FEM) were compared with real experiments. In [9] another tool was used, namely the Generalized Differential Quadrature, to investigate shell structures under point loads. Numerical analyses have also shown the high sensitivity of sandwich panels to the variation of boundary conditions [10] [11] [12] .
Experimental research is costly and time consuming, and numerical simulations require advanced software. Therefore, a much simpler method allowing for a fast and efficient (but less accurate) assessment of the structure condition are developed in parallel. In the case of sandwich panels subjected to concentrated loads, the effective width method is used that consists in replacing the plate with a beam of the appropriate width. This method was thoroughly analyzed in [13] and was included in the design recommendations [14] .
The purpose of this paper is to compare two classes of numerical models (2D and 3D) in the context of the problem of the influence of concentrated forces on layered systems. The issues of stress concentration and localization of extreme deformations will be discussed. Solutions obtained using the finite element method will be compared to results received using the effective width method (EWM).
Description of the problem and the research program
A single-span plate of length L, width B and the total depth D is considered (Fig. 1) . The plate is subjected to concentrated load F, which is perpendicular to the surface of the plate. The force is located at a point with (x, y) coordinates. The system is simply supported at the two opposite edges. The right support has the ability to move horizontally. Such a static scheme, though simple, is very common in practice. It is more important, however, that the phenomena observed in a simple static scheme are easier to assess and interpret. 
) and (L/2, B/2). The width of the panels was constant B = 1 m, and the load value F = 1 kN. For each of the analyzed cases, focus was placed on the comparison of displacements and normal stresses in facings (acting on x and y directions), but stresses in the core were also observed. The solutions obtained for numerical models (2D and 3D) were compared with the results obtained using the effective width method. Details of this method can be found in [14] .
Numerical models

2D model
All numerical models have been prepared in the Abaqus system. The 2D model was created applying three-layered shell elements. Thickness, number of integration points and material parameters of each layer were specified respectively. For example, a sandwich with total depth D = 80 mm has the lower steel facing with the thickness of 0.5 mm, the polyurethane core with the thickness of 79.0 mm and the upper steel facing with the thickness of 0.5 mm (the material parameters were presented above). The model was discretized using four-node, general-purpose, finite membrane strains, conventional shell S4R elements with reduced integration and hourglass control. The mesh size was constant and equal to 0.02 m. The shell's midsurface was defined as the reference surface containing the element's nodes. The support conditions and the load conditions were specified for the nodes of the model. The concentrated load F = 1 kN was applied in a single node. The load value corresponds to the level of real load capacity of a typical sandwich panel.
3D model
The 3D model consists of three layers: two facings and a core. The facings were modeled using four-node, general-purpose, finite membrane strains, conventional shell S4 elements. The core of the panel was modeled using eight node linear brick C3D8 elements. A constant mesh size equal to 0.02 m was assumed throughout the whole model. Due to the model class, appropriate boundary conditions were defined. The panel was placed on two supports 0.10 m wide and B = 1 m long (like the panel). Because of the specific width of the supports, the overall length of the panel was 0.10 m greater than the span. The supports were modeled using R3D4 elements (rigid, three-dimensional, four node), and the support conditions were defined by the reference point. Interaction between the supports and the lower facing was assumed as a TIE type, which makes equal displacements of nodes. The load was applied to the upper facing. It was defined as a uniform pressure q = 625 kPa spread over 4 finite elements of the upper facing (0.04 × 0.04 m). This is the pressure that corresponds to the force of the value F = 1 kN. The form of the loading is adequate to the class of the model. The load was not defined as concentrated in a single node because this leads to unrealistic stresses and deformations.
Discussion of the results
Loading in the center of the panel
In the case of the force applied in the center of the sandwich panel, the extreme vertical displacements (displacements under the force) for 2D and 3D models are comparable ( Table 1 ). The highest difference in displacements (about 43.5%) is obtained for short and thick panel (L = 2 m, D = 0.08 m), but for model L4D18 (L = 4 m, D = 0.18 m) the difference is 18.5%. Larger displacements are achieved (locally, under the force) in the 2D model. In the case of the 3D model, the force is distributed more evenly, resulting in a more even deflection of the whole panel. It is worth pointing out that the results shown in Table 1 for the 3D model correspond to the displacements on the lower facings. Extreme displacement of the upper facing is greater than of the lower one, and exceeds the extreme values obtained for the 2D model.
In the simplified method, the effective width was determined as if the panel was only subjected to bending. As a result, using this method, displacements obtained for larger spans are slightly higher than they are for numerical models, but for short and thin panels the displacements are heavily underestimated. This is obvious considering that just for short and thin panels, the shear deformations are very important. In the lower facing, in the direction consistent with the span, there are tensile normal stresses. Good compatibility of these stress values was obtained for all models except the vicinity of the point of force application (see Fig. 3 ). At this point, the stresses are highest in the 3D model. In the case of the upper facing that is mainly compressed, the situation is very similar to that of the lower facing but even more emphasized. The only difference is that the worst compatibility is achieved with thick panels. Over the entire area, normal stresses are consistent between models, but at the point of load application, the 3D model exhibits strong deformation of the core. As a result, in the vicinity of applied force, the facing has very high compressive stresses and even greater tensile stresses (several times greater than in the case of the 2D model). It is interesting that these local concentrations occur despite the distribution of the applied load in a certain area. Deformation of the facing at the place of load application explains the cause of such stress distribution (Fig. 3) . The issue of stress concentrations in the vicinity of the load is one of the most important, which should be verified in a real experiment. 
Loading at the edge of the panel
In the case of the force applied at the edge of the panel (x, y) = (L/2, 0), the extreme vertical displacements occur at the point of force application. The results are comparable for different models, however, in the case of thick and short panels, the difference reaches 45%, (see Table 2 ). For the model L6D18 (L = 6 m, D = 0.18 m) the difference in displacements is 14%. The results obtained using the effective width method are lower, especially in the case of small depth of the panel, because the method does not take torsion effects into account. Table 2 The comparison of extreme displacements w [m] for different geometry of sandwich panels, in the case of force applied at the edge of the panel Numerical simulations of structural behavior of sandwich panels subjected to concentrated static loads
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The relationships observed for normal stresses (acting along the longitudinal direction) are quite clear. The thicker the plate, the better the compatibility of numerical models. In the 3D model, locally (i.e. under the applied force) we obtain higher stresses than in the 2D model. For panels with a thickness D = 0.18 m, this effect is not noticeable. The only doubts arise in the case of the 3D model of thin panels because of (locally) high values of normal tension stresses (Fig. 4) . The stress results obtained using the effective width method (EWM) appear safe (cf. Fig. 4 ), although they differ considerably from numerical results. This is obvious because the simple beam model used in the EWM omits such effects as: spatial behavior of the plate, torsion or the core compression. The results of normal stresses in the upper facing are very similar to those obtained for the force located in the center of the plate. The slight difference is that, due to the position of the load at the edge, local effects (for normal and shear stresses) are even more evident. On most of the facing area, compatibility between numerical models is good.
Localization of extreme normal stresses
During the analysis of normal stress distributions in the facings, an interesting phenomenon was observed in the case of a force located at one of the edges (x, y) = (L/2, 0). It is clearly visible on the lower facing, as there are no strong local deformations. It turns out that very often, in this facing, extreme longitudinal normal stresses occur not under applied force but on the opposite edge of the panel. This effect was not achieved only in the model L2D08 (L = 2 m, D = 0.08 m). The thicker the plate, the more visible this effect. The extreme stresses are best seen for the span L = 4 m (Fig. 5) . This is slightly less noticeable for L = 6 m, and the least for L = 2 m. It should be emphasized that additional analyses show that the observed effect does not occur in plates of uniform structure (made of one material). 
Conclusions
Results of numerical analyses of laminated panels loaded with concentrated force were presented in the paper. Two numerical models (2D and 3D) were considered, and the results were compared with the engineering method of effective width. Displacement and stresses were determined for 2 classes of numerical models, 9 different force positions, 3 different spans and 3 different panel depths, meaning that 162 jobs were solved. Based on the results of the analyses, it can be stated that the considered 2D and 3D models are consistent with each other. The exception is the surroundings of the area where the force was applied. The 3D model considers the effect of core crushing, and as a result, local stress concentrations occur at the point of application of the load. Of course, they are most evident on the upper facing where we can locally observe both high compression and tension. The obtained local stress level should be verified experimentally, although it is expected that the 3D model is much closer to reality than the 2D model. The engineering method based on the so-called effective width in many cases was consistent with numerical solutions. Significant differences (usually underestimation) occurred in determining the displacements for short plates or when the load was applied near the edge. The latter case is obvious because the effective width method does not consider torsion. The effective width method usually provided safe stress values in facings. It was also observed in the analysis of normal stress distribution that when the force was applied at or near the edge of the plate, very high stresses appeared not under the force but on the opposite longitudinal edge. In the case of the lower facing and the 2D model, the values of these stresses were almost always higher than the stresses under the force. The presented results inspire further intensive research into the behavior of sandwich panels subjected to concentrated loads.
